Abstract. A sea-surface magnetic survey over the west flank of the Mid-Atlantic Ridge from 0 to 29 Ma crust encompasses several spreading segments and documents the evolution of crustal magnetization in slowly accreted crust. We find that magnetization decays rapidly within the first few million years, although the filtering effect of water depth on the sea-surface data and the slow spreading rate (<13 km/m.y.) preclude us from resolving this decay rate. A distinctly asymmetric, along-axis pattern of crustal magnetization is rapidly attenuated off-axis, suggesting that magnetization dominated by extrusive lavas on-axis is reduced off-axis to a background value. Off-axis, we find a statistically significant correlation between crustal magnetization and apparent crustal thickness with thin crust tending to be more positively magnetized than thicker crust, indicative of induced magnetization in thin inside corner (IC) crust. In general, we find that off-axis segment ends show an induced magnetization component regardless of polarity and that IC segment ends tend to have slightly more induced component compared with outside corner (OC) segment ends, possibly due to serpentinized uppermost mantle at IC ends. We find that remanent magnetization is also reduced at segment ends, but there is no correlation with inside or outside corner crust, even though they have very different crustal thicknesses. This indicates that remanent magnetization off-axis is independent of crustal thickness, bulk composition, and the presence or absence of extrusives. Remanence reduction at segment ends is thought to be primarily due to alteration of lower crust in OC crust and a combination of crustal thinning and alteration in IC crust. From all these observations, we infer that the remanent magnetization of extrusive crust is strongly attenuated off-axis, and that magnetization of the lower crust may be the dominant source for off-axis magnetic anomalies.
Introduction
A key tenet of plate tectonics is that the marine magnetic anomaly pattern observed over the ocean basins arises because seafloor spreading records the episodic polarity reversals of the geomagnetic field [Vine and Matthews, 1963] . For fastspreading ridges, the nearly steady state crustal accretion process and the "constant" spatial and temporal recording of the ambient magnetic field creates strongly lineated and highly correlatable magnetic anomalies that are well resolved [e.g., Macdonald, 1982] . In contrast, slow-spreading ridges are typified by spatially and temporally variable crustal accretion and tectonism that give rise to poorly developed and discontinuous magnetic anomalies [e.g., Vogt, 1986] . Recent investigations of the slow-spreading Mid-Atlantic Ridge (MAR) have significantly improved our understanding of the complex, three-dimensional crustal architecture of slowly accreted crest [e.g., Macdonald, 1986 Pariso et al., 1996] . Several hypotheses have been proposed to explain this variation. For the South Atlantic, Grindlay et al. [ 1992] proposed that shallow Curie isotherms at segment centers thin the source layer along the ridge axis; this is a thermal effect that should disappear with age. However, in the North Atlantic south of Kane Fracture Zone, Pockalny et al. [1995] found segment-scale, along-axis variations in magnetization that continue off-axis, thus invalidating the Curie isotherm hypothesis. Another hypothesis emphasizes the relationship between FeO content and magnetization [Vogt and Johnson, 1973] Complexities in crustal magnetization related to on-axis accretion are further compounded by effects of tectonism associated with off-axis transport in slow-spreading environments and by magnetization decay with age. Few detailed studies have looked off-axis to investigate these effects. Pockalny et al. [ 1995] found that off-axis crust near discontinuities on the MAR south of Kane Fracture Zone is marked by generally positive magnetization, regardless of polarity, and they attributed this to serpentinization. They did not investigate the relationship between crustal magnetization and IC versus OC tectonic setting, partly because of the complex segmentation history and limited age extent of their study area (< 10 m.y.). In a study of the MAR between 28 ø and 30øN, Pariso et al. [1996] also found relatively positive crustal magnetization along discontinuities, and they suggested that this was caused by induced magnetization in serpentinized mantle; again, no attempt was made to look at IC/OC differences.
Decay of magnetization with age is also an important aspect of crustal magnetization. Studies based on Deep Sea Drilling Project and Ocean Drilling Program samples have found that magnetization in the extrusive crust decreases over a 20 m.y. period, primarily because of low-temperature oxidation of magnetite [Irving, 1970; Vogt, 1986; Bleil and Peterson, 1983; Johnson and Pariso, 1993] . Magnetic anomalies offer a more continuous sampling of crustal magnetization than borehole or seafloor samples, and they represent the contribution of the entire magnetic source layer rather than just the extrusive crust. Magnetic anomaly studies separate magnetization decay into initial rapid decay, superimposed on long-term decay. Wittpenn et al. [1990] analyzed South Atlantic magnetic anomaly inversions and found an initial rapid decay in amplitude over the first 5 m.y., followed by a slower, long-term decay over 18 m.y. Recent North Atlantic studies also suggest rapid decay over the first 5 m.y. [Pockalny et al., 1995; Pariso et al., 1996] ; however, magnetic anomaly C5n (9.592-10.834 Ma [Cande and Kent, 1995] ) does not fit the decay curve, which led Pariso et al. to invoke a two-layer crustal model to enhance magnetization at chron C5n. Unfortunately, these studies reached only to 10 Ma crust, so they do not adequately sample the long-term signal of magnetization decay.
Magnetization may decay even more quickly than in the 5 m.y. time frame noted above. Early deep-tow magnetic studies in the French-American Mid-Ocean Undersea Study (FAMOUS) area at 37øN on the MAR found a magnetization decay time (i.e., decay to 1/e of initial value) of only 500,000 years [Macdonald, 1977] Tivey and Johnson, 1995] . The intrinsic decay rate of magnetic minerals caused by low-temperature alteration is unlikely to vary as widely as these rates suggest; rather, the wide range of apparent decay times probably reflects a real decay caused by alteration, convolved with spatial averaging of the zone of crustal emplacement. For example, slow-spreading ridges generally have a wider zone of crustal accretion than fast-spreading ridges [Macdonald et al., 1988] , which may account for their greater apparent decay ames.
In this study, our long (29 m.y.) and detailed magnetic record allows us to fully evaluate the effects of crustal aging on magnetization, i.e., over a time span which encompasses the 20 m.y. range of magnetization decay studied by Johnson and Pariso [1993] as well as the 5 m.y. decay time emphasized by other studies. We also investigate the relations between the sea-surface magnetic anomaly signal and intrasegment tectonic setting. From this analysis, we speculate about the source of off-axis magnetic anomalies and propose mechanisms to explain the observed along-isochron variations in magnetization. •.,-data were gridded at 800 m spacing using the surface algorithm of Smith and Wessel [ 1990] with a tension factor of 0.25. A three-dimensional inversion for crustal magnetization (Figure 3 ) was performed to remove skewness due to latitude and to correct for seafloor topography. We used the Parker and Huestis [1974] Fourier inversion method, extended to 2-D gridded data in a manner similar to Macdonald et al., [ 1980] , which assumes a source layer of constant thickness (1 kin) and an upper boundary defined by the bathymetry. Magnetization is assumed to vary laterally but to be constant with depth, and the direction of magnetization is assumed to be in the direction of the geocentric dipole (inclination=45ø). The input grid of 738 x 557 points was extended out to 1024 x 1024 points using linearly interpolated borders to minimize edge effects of the Fourier transform. Band-pass filtering is required to ensure convergence toward a solution; we used a cosine-tapered band-pass filter with long-and short-wavelength cutoffs of 800 and 3.5 km and a passband of 400 to 7 kin. Inversion for crustal magnetization is an inherently nonunique process. One measure of this nonuniqueness is the annihilator, which is a magnetization that produces no external magnetic field. An infinite amount of annihilator can be added or subtracted from the inversion solution without affecting the resultant magnetic field. As we will show, the true amplitudes of MAR magnetization anomalies are not properly resolved in the sea-surface data, so balancing positive to negative amplitude at reversal boundaries is not a valid method to estimate the amount of annihilator to add or subtract. Thus, to obtain the approximate location of the main anomaly zero crossings, we calculated a reduced-to-the-pole magnetic anomaly map, which involves a phase shift but no amplitude change. We then adjusted the magnetization solution by removing one times the annihilator to fit the main anomaly zero crossings of the reduced-to-the-pole map. We note, however, that this study is not sensitive to the exact amount of annihilator added or subtracted, because only relative amplitude variations in magnetization are used.
Magnetic Data Collection and Analysis
Magnetic isochrons were identified from the magnetization map using the geomagnetic polarity timescale of Cande and Kent [ 1995] . We identified both normal and reverse polarity isochrons out to chron C13n ( 
Geologic Setting
The ARSRP study area extends to 29 Ma crust in the northwest part of the survey and to 26 Ma crust in the southwest (Figures 1-4) . It includes all or part of nine spreading segments bounded by nontransform discontinuities (NTDs), which were defined from bathymetric data, structural perturbations in sidescan-sonar records, offsets in magnetization anomalies, and gravity anomaly patterns [Tucholke et The model is an inversion of a synthetic magnetic field using the same inversion filters as the data. The synthetic magnetic field was computed assuming flat bathymetry at -3.5 km depth and a square-wave magnetization that was Gaussian filtered (sigma 4 km) to simulate the effects of crustal accretion.
Magnetic Results

Magnetization Decay With Age
Investigation of magnetization amplitude as a function of crustal age in our study area is complicated by the fact that the amplitude of crustal magnetization anomalies changes substantially along isochrons. For the purpose of discussion, we chose to examine the mean amplitude of the magnetization averaged along major isochrons within each ridge segment. Other approaches, such as using magnetization values along segment centers, are equally valid but show the same basic results. lsochron-averaged magnetization plotted against age (for normal polarities only) is shown for segment E/D in Figure 7 . The other ridge segments in the study area show similar patterns of amplitude change with age. We use magnetization rather than magnetic field because this removes any phase shift due to latitude, and it takes into account the effect of deepening seafloor with age. Our data show patterns consistent with previous observations in the Atlantic. Initial inspection suggests that a magnetization-decay time of 1.5 m.y., as suggested by Pockalny et al. [1995] , might be a good fit to the data (Figure 7a , bold-dash-dot line). However, anomalies C5n, C6n, and C9n show relatively high magnetization that is clearly inconsistent with this decay curve. We suggest that anomalies C5n, C6n, and C9n are actually the most accurate representation of off-axis crustal magnetization, and that low magnetization estimates for other crust (notably anomalies C2An-C4n) are artifacts caused by the lack of resolution in sea-surface data due to the filtering effect of water depth and reversal spacing. To illustrate this point, we constructed a forward model to show the resolution limitations of the data (Figures 7c and 7d ). The forward model assumes a constant spreading rate of 13 km/m.y. and an input geomagnetic timescale [Cande and Kent, 1995] We also note that even relatively long intervals of constant polarity (chrons C5n, C6n, and C9n) suffer from the filtering effect (Figures 7a and 7c, light-dashed Figures 8-10) .
To better understand the spatially averaged patterns of crustal magnetization, we normalized along-isochron magnetization amplitude by dividing by the maximum range of the alongisochron amplitude for each isochron shown in Figures 9 and 10 . We offset the resultant values so that the minimum alongisochron value is zero and the maximum magnetization (in a positive polarity sense) is one. The normalized curves were parameterized into unit segment length and stacked according to their polarity, i.e., normal or reverse polarity (Figures 1 lb and  1 lc) . For comparison, we similarly stacked the along-axis variations to highlight the asymmetrical pattern of higher magnetization toward the southern ends of segments (Figure 1 l a) . Offaxis, normal polarity crust (Figure 1 lb) has a weak trend of slightly higher magnetization toward the south, but this is only marginally significant at the one standard deviation level. In marked contrast, reverse polarity crust (Figure 11 c) shows strong and significant (beyond one standard deviation) along-isochron variation, with highly magnetized crust (in a reverse polarity sense) at segment centers compared to segment ends. This offaxis, reverse polarity magnetization pattern is remarkably different from that of normal polarity magnetization either on-axis or off-axis.
The contrasting behavior between normal and reverse polarity crust at first appears to be a paradox. If, however, we view the along-isochron magnetic trends in terms of their "positiveness," then the paradox is resolved. Near segment ends, normal polarity crust is more positive and thus more magnetic in the present field, but reverse polarity crust is more positive and thus less magnetic (Figure 11 ). The extra positive magnetization represents only a small percentage increase in total magnetization for normal poneovolcanic axis, which most likely represents the time-averaged axis of crustal accretion. A distinct along-axis asymmetry in larity crust, but for reverse polarity crust, the extra positive magnetization is opposite to the original magnetization and represents magnetization is observed in both profiles, with the southern ends of ridge segments being more magnetic than the northern ends a significant decrease in total magnetization. This positiveness is (Figure 8b) 
Off-Axis Crustal Magnetization
To investigate how along-isochron variation in magnetization changes with age, we studied off-axis, along-isochron variations in crustal magnetization amplitude for both normal and reverse polarity isochrons. To assure that these along-isochron trends in magnetization are robust, we must address the limitations of the data, which include edge effects as well as filtering effects of both the analysis methods and the gridding process. Magnetic anomalies arise from contrasts in magnetized material, so that the maximum anomalies will decrease away from the edges of magnetized blocks. This behavior is well demonstrated by the propensity of sea-surface magnetic anomalies to have a "hat-shaped" character in conventional cross-isochron profiles [Vine, 1966] Latitude (Degrees North) Figure 9 . Plan view of normal polarity, along-isochron variation in crustal magnetization for isochrons (labeled), relative to the mean isochron value. Dark gray is more magnetized than the isochron mean, and light gray is less magnetized than the isochron mean. Bold lines show discontinuities between segments, which are lettered as in Figure 1 . Note that there is no overall along-isochron trend within segments.
their boundaries, and the anomalies decrease in amplitude or "sag" into the interior of the block. The wavelength of this sag is proportional to the length of the block or spreading segment. Thus, to successfully invert for magnetization, it is imperative that the filtering does not adversely affect the wavelength of any segment-length variations in magnetic field or magnetization. Our long-wavelength cutoff was tapered between 800 and 400 km, allowing us to resolve along-isochron trends in magnetization without introducing artifacts due to filtering. The longest ridge segment within the survey area is -100 km long. Our shortwavelength cutoff, tapered from 7 to 3.5 km, also limits the effect of filter sidelobes and edge effects. Thus, within the usual constraints of the inherently nonunique inversion approach, the observed segment-scale, along-isochron variations in crustal magnetization appear to be valid.
Magnetization in Relation to Tectonic Setting
Previous studies have discussed hypotheses for the above kinds of segment-scale variations in crustal magnetization, but asymmetries related to IC/OC tectonic setting have not been specifically investigated. In our study area, ridge-flank segmentation is relatively well defined by bathymetric, gravity, and magnetic data, allowing us to address this question. The detachmentfault hypothesis suggests that as oceanic crust forms at a slowspreading ridge axis, upper crust is preferentially transported to the outside comers, and lower crust and upper mantle are ex- . The extrusive layer of the upper crust is known to be highly magnetic, and it undoubtedly contributes a significant part of the magnetic signal in young crust [Talwani et al., 1971; Harrison, 1987; Tivey, 1996] . If the extrusives tend to be removed from inside comers, thus exposing what are thought to be less magnetic gabbros and peridotites, then one should expect to see an IC/OC asymmetry in crustal magnetization, with OC crust being significantly more magnetic than IC crust. We tested this hypothesis by analyzing magnetization with respect to IC/OC tectonic setting within segments. We divided each along-isochron profile (Figures 9 and 10) into one-thirds (northern, central, and southern) and classified each isochronal portion according to its tectonic setting (i.e., IC, segment center, or OC). These magnetization values were then plotted versus age (Figure 12) . While there is a large variation with age as discussed earlier (see Figure 7) , for normal polarity chrons, there is no consistent difference in magnetization of IC and OC crust nor in magnetization of these areas compared to segment centers. For reverse polarity crust, there is a trend toward more positive magnetization of both IC and OC crust compared to segment centers, as expected from our previous discussion (Figure 11) .
We further examined potential correlations between IC/OC tectonic setting and crustal magnetization in a less direct way, by Figure  14 , we show the effect of adding a component of induced magnetization preferentially to segment ends, assuming that remanent magnetization has no along-isochron variation and has equal but opposite magnitude for normal and reverse polarity crust, respectively. The result is that normal polarity crust would show increased positive magnetization at segment ends, while reverse polarity crust would show decreased reversed magnetization (Figure 14c) . This model can be used to separate induced and remanent magnetization components by considering the sum and the difference of the normal and reverse polarity variations as illustrated in Figure 14d . By adding the normal (N) and reversed (R) variations and dividing by two (Figure 14d, left) , we obtain the induced component. The difference between the normal and reversed variations divided by two (Figure 14d, fight) provides the remanent component.
We applied this procedure to the normal and reverse polarity trends that were calculated in Figures 1 lb and 1 lc, ( Figure 15a ). There is also a slight asymmetry in the curve, with greater induced magnetization toward the southern ends of segments, which are predominantly IC crust in our study area. As noted earlier, IC crust tends to be thin, and in our analysis of RMBA versus magnetization in Figure 13 , it is suggested that thin IC crust should be more positively magnetized than thick 
Implications for the Source of Crustal Magnetization
On-axis to off-axis changes in remanent magnetization patterns allow us to investigate the sources of crustal magnetization. If we assume that extmsive lavas provide the primary source of off-axis magnetization, then magnetic remanence patterns ( Figure  15b) show that the off-axis extmsive layer at segment ends is either thinned and/or its magnetization is preferentially destroyed. RMBA gravity and dredged serpentinite in our study area suggests strong crustal thinning and removal of extrasives along inside comers . At outside comers, the gravity data suggest significantly thicker crust than at inside corners, but we do not know the thickness of the extrusive section.
Extrusive thickness may vary roughly in proportion to total crustal thickness, it may have relatively constant thickness despite thickness variations in the underlying layer 3 crust [e.g., Tolstoy et al., 1993], or it may thin because of limited melt input near the NTD [Cannat, 1993] . Only the last case would cause reduced OC crustal remanence; even then, the layer would need to have near-zero thickness to explain the remanence symmetry with IC ends of segments. While there may well be OC thinning of the extrusive layer, it is unlikely to approach zero thickness.
Preferential destruction of remanent magnetization in the extrusive layer at segment ends is also possible, but there is no obvious mason why this should occur. Wherever present within a spreading segment, the extmsive layer is probably relatively thin (< 1 km), highly porous, strongly faulted, and continuously permeated by seawater over its full variation in thickness. Thus alteration of the extrasives is most likely similar across an entire segment, and we expect no significant differences between IC, OC, and segment-center extmsive crest. The observations in this section suggest that magnetization in the extmsive layer may not contribute a significant proportion of the off-axis magnetic anomaly signal. This is consistent with, and buttressed by, our observations that (1) there is an initial rapid decay in magnetization with age, (2) a strong on-axis signal of north-to-south asymmetry in crustal magnetization does not appear to be transported off-axis, and (3) there is a significant difference in the correlation of RMBA gravity versus magnetization on-axis and off-axis. Thus we suggest that much of the along-isochron variation in remanence demonstrated by Figure  15b arises from a deeper source.
If we assume that lower crest (e.g., the gabbros) is the primary carrier of off-axis remanent magnetization, then we can better explain our observations. Faults reaching to some given depth are more likely to penetrate through a thin layer 2 at the ends of segments and deep into the lower crest, allowing fluid flow and alteration of gabbros. The alteration would reduce the remanent magnetization and might also enhance induced magnetization if the gabbros are serpentinized. Such alteration may be the dominant cause of reduced remanent magnetization in OC ends of segments, whereas at IC ends, thin crest will also contribute to the reduced magnetization. On average, the resulting reduction in remanence is similar for both OC and IC ends (Figure 15b) . In thick crest at segment centers, faults reaching to the same subbottom depth as those at segment ends would not affect the lower crest as significantly. Thus segment-center gabbros should be less altered and would retain more of their remanent magnetization.
At both OC and IC segment ends, the effects of faulting and alteration need not be limited to lower crest. Mantle peridotites may also be altered if the crest is thin enough, and serpentinites could contribute significantly to the induced magnetization at segment ends. This effect probably is strongest in the very thin crest at IC ends of segments. We suggest that it explains our observations of enhanced induced magnetization at inside comers (Figure 15a ) and the correlation of more positive magnetization with increasing RMBA gravity (thinning crest) (Figure 13 ).
On the basis of the above observations and interpretations, we speculate that at slow-spreading ridges a major proportion of the off-axis magnetic signal (remanent plus induced magnetization) is carried in the deep crest (i.e., the gabbro section) and to some extent in the uppermost mantle. Evidence that gabbros can sustain a primary remanent magnetization presently is quite limited 
Conclusions
From analysis of the magnetization of ocean crest created at the slow-spreading Mid-Atlantic Ridge between 25 ø and 27øN, we conclude the following:
1. Magnetization shows an initial rapid decay followed by a slower long-term decay (Figure 7) . The slow-spreading rate and poor sea-surface resolution of the magnetic anomaly signal does not allow unambiguous resolution of rates of either short-term or long-term decay in magnetization with age. Initial rapid decay certainly occurs within the first few million years, and it may occur in significantly less time. This result is consistent with numerous studies which have shown that young extmsive lavas are initially highly magnetized and that they most likely contribute a major proportion of crustal magnetization at the ridge axis [e.g., Talwani Once this rapid, large-amplitude magnetization decay has occurred, the remaining magnetic signal appears to decay much more slowly with age.
2. Crustal magnetization at the spreading axis shows a marked along-axis asymmetry, with the southern ends of ridge segments more magnetic than the northern ends (Figure 8) . The cause of this asymmetry is unknown, and there are no known correlative trends in geochemistry [e.g., Melson and O'Hearn, 1986 ] that might explain the change. This distinctive pattern clearly is not translated off-axis in reverse polarity crust, and it is only weakly maintained, if at all, in off-axis normal polarity crust (Figures 9-11) . We suggest that the asymmetric pattern of axial magnetization is contained largely in the extrusive crust and that this signal is rapidly attenuated off-axis. This observation is consistent with our first observation of initial rapid decay in crustal magnetization and suggests that the contribution of the extrusives to the magnetic anomaly signal is reduced substantially off-axis.
3. A comparison of RMBA gravity and magnetization suggests no significant correlation between apparent crustal thickness and crustal magnetization along the riff axis. However, a statistically significant correlation is found off-axis. Increased RMBA gravity correlates with more positive magnetization off-axis, regardless of polarity, suggesting an increased component of induced magnetization in thinner crust.
4. Off-axis, segment ends show shifts toward more positive magnetization regardless of initial polarity, which indicates the presence of induced magnetization (Figure 15a ). Induced magnetization is prevalent at both OC and IC segment ends but is skewed to higher values at IC ends (Figure 15a ). The induced magnetization indicates that crustal alteration is common at segment ends where we expect thinner crust, consistent with the correlation between RMBA gravity and magnetization. We attribute the increased induced magnetization in thin-crust, IC settings, to enhanced serpentinization in near-seafloor mantle peridotites. (Figure 15b ). The original remanence is not completely destroyed because a recognizable polarity signal is maintained very close to segment boundaries. There is no consistent difference in the reduction of remanent magnetization between IC and OC ends of segments (Figure 15b ), even though RMBA gravity suggests that they have very different crustal thickness. Thus remanent magnetization appears to be independent of crustal thickness and bulk crustal composition off-axis, suggesting that the off-axis thickness or presence of extrusives is not important. We suggest that decreased remanent magnetization at OC ends is primarily due to alteration of the lower crust, but a similar decrease in remanent magnetization at IC ends may be a combination of crustal thinning and alteration.
Remanent magnetization is reduced at segment ends offaxis
From these observations, we propose that as extrusive crust is transported off-axis, it rapidly loses the strong magnetization that dominates the axial crustal magnetic signal. Within a few million years, the extrusive crust is no longer the primary contributor to the magnetic-anomaly signal, and another source of magnetic remanence is required to maintain the remanent polarity-reversal pattern and the observed along-isochron variations in magnetization. We suggest the dominant source of this off-axis remanent magnetization is the lower crust, in all likelihood the gabbro section. Partial loss of this remanent magnetization occurs at segment ends through crustal thinning and alteration. Coincident development of induced magnetization in serpentinized gabbros magnetic interpretations, G. Hirth, J. Lin, H. Dick, and G. Jaroslow for discussions about tectonism in slow spreading crust, and Jacob Verhoef for kindly providing magnetic and bathymetry data from an early version of the Canadian database compilation. We also thank the D. Wilson, S. Carbotte, and H.P. Johnson for their helpful comments and recommendations during formal review of the manuscript. We also thank D. Wilson for his suggestion for the separation of the induced and remanent components. Contribution 9657 of Woods Hole Oceanographic Institution.
